We have studied epoxidation catalysts based on complexes of nickel with acac (acetylacetonate) ligands in the solid state, in solution and on a polymeric support by Xray absorption spectroscopy. The EXAFS results show that the degree of association (monomer or trimer) of the Ni(acacR) complexes depends on the bulkiness of R. For R = H, trimers predominate both in the solid state and in solution, whereas for R = p-tBuBn, the monomers that are found in the solid state tend to associate to trimers in solution. The trimers are broken up by excess coreactant, i-butyraldehyde, which converts all Ni complexes to 6-coordinated species. The lower degree of association of the substituted Ni(acacR) complex accounts for its relatively high catalytic activity at low concentration. For the solid complexes, the EXAFS results, which provide 1-dimensional structural information, are complemented by XANES simulations defining the 3-dimensional structure around Ni. The benzimidazole and pyridine ligands of PBI and AMP-resin partially displace acac in the Ni ligand sphere upon grafting. For the rigid PBI this must result in vacancies in the Ni coordination sphere, which explains why this support gives an active catalyst whereas the AMP-resin does not.
Introduction
Ni(acacR)2 complexes 1 show remarkable efficiency in the Mukaiyama epoxidation, a reaction (Scheme 1) where one oxygen atom of molecular oxygen is transferred to an alkene yielding an epoxide, while the other is accepted by the coreactant, i-butyraldehyde. 1 We have recently proposed a mechanism for this reaction in which an oxygen atom is transferred to the alkene by an acylperoxy radical; this radical arises from the reaction of molecular oxygen with an acyl radical, generated from aldehyde by the Ni complex in its Ni(III) form (Scheme 2).2 At concentrations lower than 0.5 mM, complex 1b (R = ^-tBuBn) is more active than 1a (R = H); access of reactants to the Ni ion is made more difficult by the bulky substituent, but on the other hand it is also expected to prevent assembly into an inactive trimer (Scheme 3, top part) as observed in the crystal structure3,4 for 1a. We have also investigated the effect of grafting Ni(acac)2 1a on ligand containing polymer supports (Scheme 4). 5 Grafting onto PBI (polybenzimidazole)6 resulted in an active catalyst, whereas grafting on AMP-resin (an aminomethylpyridine methacrylate-type resin)7 did not.
---SCHEME 1, 2, 3, 4 ---
We now report on a study of the metal environment in Ni-containing epoxidation catalysts in the solid state, in solution (using a specially developed solution cell)8 and on polymeric supports by X-ray absorption spectroscopy.9 The fine structure in X-ray absorption spectra is caused by X-ray induced electron diffraction which leads to single scattering events involving ligand atoms (EXAFS), as well as multiple scattering effects within (EXAFS, XANES) and between (XANES) ligand molecules.
The EXAFS (extended X-ray absorption fine structure) part of the X-ray absorption spectrum can be Fourier transformed to give a radial distribution of atoms around the central atom (Ni), and simulated to give type (Z, ± 1), number (N, ±1), and distance (R, ± 0.02 Â) of the surrounding atoms. The classical approach9 is to simulate the shells of atoms in the Fourier transform one by one after Fourier filtering and back transformation. In the present work, we have simulated the EXAFS with units representing whole ligand (acac, benzimidazole, and pyridine) moieties rather than shells of atoms, including the contributions of multiple scattering between the shells in the units in the programme EXCURVE,10,11 and using reasonable interatomic distances within the ligands as restraints in the refinement. 12 The XANES (X-ray absorption near edge structure) part of the X-ray absorption spectrum is sensitive to the valence and coordination geometry of the central atom, but also to angular and nearest neighbour effects. 13 The classical approach to interpret the XANES part of the spectrum is to make comparisons with a number of well-characterised model compounds, and data on a range of interesting Ni compounds have been collected.14 In the present work we have simulated the XANES spectra on the basis of 3 dimensional models.
We demonstrate that the combination of EXAFS analysis followed by modeling of the nickel atom surrounding in Ni acac and the subatomic resolution provided by XANES spectroscopy is a very powerful approach for structural studies of Ni acac complexes. This technique allows XANES data to be calculated for the model structures constructed on the basis of EXAFS simulations, and to decide on the best structural model by comparison with the experimental XANES spectrum.
By comparing the EXAFS results for the epoxidation catalysts in the solid state, in solution, and on polymeric supports, the observed , differences in ractivity can be explained.
Experimental Section
Sample preparation and measurements. Ni(acacR)2 complexes1 and Ni-containing polymers5 were obtained as described earlier, z-butyraldehyde was from Aldrich. Solid samples were diluted with boron nitride and measured in transmission mode, whereas solutions (5 mM in Ni) were measured in a specially developed solution cell8 in fluorescence mode. A complete set of X-ray absorption spectra was recorded at room temperature and 77 K at the 'Anglo-Dutch' station 8.115 at the SRS (Synchrotron Radiation Source) of the CLRC Daresbury Laboratory, UK. More recently some samples were measured at the EXAFS station of DUBBLE/ESRF (BM 26) at room temperature. EXAFS simulations. The Fourier-filtered (non-phaseshift corrected R range 0.8 -6.0 Â) back-transformed EXAFS was simulated with EXCURVE version 9.272 using FEFF phaseshifts. The geometrical input for the simulations as grouped in 2-dimensional units of atoms (not including hydrogens) representing the possible ligand molecules. The shells of atoms in a certain units all had the same occupancy, and in the iterative refinement of the simulations, all interatomic distances, apart from the distance to the central Ni ion, were restrained to lengths based on relevant crystallographic data. This so-called restrained refinement12 implies that in the iterative refinement, the restrained parameters have freedom to move in a direction where they will lower the fit index, but also that a penalty will be added to the fit index depending on the deviation from the idealized value, the restraint.
The geometries and restraints of the units representing the bidentate and monodentate acac ligand3,4,16 are shown in Scheme 5 along with the applied restraints. The imidazole17 and pyridine18 moieties were represented by ideal polygons, viz. a pentagon with the distances between the ring atoms restrained to 1.34 Â for imidazole, and a hexagon with a restrained distance of 1.37 Â for pyridine. In addition, equivalent atoms in the the bidentate acac, the pyridine, and the imidazole units were constrained in the refinement to have identical distances to Ni and Debye-Waller-type factors. The isobutyraldehyde ligand was represented by the coordinating carbonyl and the carbon directly attached to it, with the C=O and C-C distances restrained to 1.35 and 1.54 Â, respectively.
---SCHEME 5 ---XANES simulations. XANES spectroscopy has been well established as a technique that is more sensitive to angular and nearest neighbour effects than EXAFS spectroscopy. 13 Unfortunately, unlike EXAFS spectra, XANES spectra cannot be readily analyzed via Fourier transform methods, so that it has been difficult to extract detailed structural parameters from XANES and EXAFS has been used much more for structural analysis.
Recently, analysis of the spectroscopic features in XANES data has improved due to development of efficient codes for the calculation of x-ray absorption.19-21 Multiplescattering XANES calculations are more challenging than EXAFS calculations, since electron scattering is much stronger and a multiple-scattering regime for the photoelectron takes place at low energies, and hence XANES data are much more sensitive to details of the scattering potential and to the distribution of atoms around the photo-absorbing ion.22 It can be necessary to use a more advanced theoretical approach, such as calculations of the molecular potential without the so-called "muffin-tin" 23 approximation.
We used the FDMNES package,24 which runs within the real space cluster approach, and uses the finite difference method (FDM) to solve the Schrödinger equation. Its main advantage is the possibility to have a totally free potential shape, thus getting rid of the muffin-tin limitations. In addition, we make a Lorentzian energy-dependent convolution of the spectrum to account for the multielectronic and inelastic phenomena occurring in the absorption process. At the Fermi level, the Lorentzian width is due to both the interaction with the core hole and the monochromator resolution. For higher photoelectron energy, between 10 and 40 eV, the onset of plasmons collective interactions increase the Lorentzian width up to 6 eV.
Results and Discussion

EXAFS and XANES o f solid Ni(acacR)2 complexes.
In Figure 1 the spectra of Ni(acacR)2 with R = H (1a) and R = ^-tBuBn (1b) in the solid state are compared. Apparently, the introduction of the bulky substituent in 1b has resulted in a complex with a significantly shorter Ni-ligand distance, which is in line with the expected change from a trimer, in which each Ni has octahedral 6-coordination, for 1a, to a monomeric complex with square-planar 4-coordination for Ni in 1b. The fact that the major peak in the Fourier transform at approx. 2 Â seems to be decreased in amplitude and is broadened appears at first sight to be inconsistent with an increase in coordination number. This broadening must be a result of the disorder, resulting in high values for the Debye-Waller-type factors, which is also a feature of the known crystal structures for 1a. Following the original report on the trimeric structure of 1a,3 with Ni-O distances ranging from 1.89 to 2.27 Â (average 2.08 Â), the crystal structure was redetermined and refined to a lower R-value,4 but still shows a spread in the Ni-O distances from 1.93 to 2.31 Â (average 2.06 Â). Close inspection of this most recent crystal structure revealed that each Ni ion in the trimer has 2 bidentate acac ligands with Ni-O distances ranging from 1.93 to 2.07 Â (average 2.00 Â), and that each Ni ion has longer contacts (2.08-2.31 Â, average 2.20 Â, relatively short for the central Ni) with one of the oxygens of the acac ligands that are bidentate ligands to one of the other Ni ions.
Preliminary simulations showed that the EXAFS for 1a could be explained with bidentate acac units, or 2 bidentate acac units + 2 more remote O atoms per Ni, but also that this did not reproduce the spectrum entirely satisfactorily. The agreement between theory and experiment was not only assessed by the fit index for the EXAFS, but also by visual inspection of the EXAFS, the Fourier transform, and the imaginary part of the Fourier transform. It can be recognized (Scheme 5) that both in the bidentate and monodentate acac ligand geometries, there are many scattering pathways where the angle Ni-close backscatterer-remote backscatterer is between 120 and 180 degrees; therefore, the inclusion of the multiple scattering in the simulations was found to be essential to reproduce phase and amplitude of the spectra with the correct type of atom at the right distance. In our final simulation, we refined a combination of a unit (occupancy 2, 4 coordinating oxygens) representing a bidentate acac (Scheme 5, a) and another unit (occupancy 2, 2 coordinating oxygens) representing a more remote monodentate acac (Scheme 5, b). The result of the refinement is shown in Figure 2a , with the parameters in Table 1 . The agreement with the crystallographic average is good (<0.03 Â deviation for the coordinating oxygens) for the bidentate acac, whereas the distance of the monodentate ligand appears to be underestimated.
We also attempted to include the Ni-Ni interaction (average 2.869 Â in the crystal structure)4 in our simulations but it did not improve the agreement between theory and experiment as well as the inclusion monodentate acac ligand, and did not lower the fit index significantly, and therefore we omitted it in our final simulation. As the contributions of C and Ni differ in amplitude and amplitude envelope, but not in phase, it would have been easy to mistake the contribution of the acac carbons at 2.9 Â for a Ni contribution. The similarity of the phase of C and Ni contributions leads to a large correlation between the parameters for C and Ni shells when both are included in the refinement at a similar distance; this means that the inclusion of Ni will be compensated by changes in the contribution of the C at the same distance, without a genuine improvement in the quality of the simulation. The apparent absence of a Ni-Ni contribution is the more remarkable as an EXAFS study25 on the activation of Ni(acac)2 for propene dimerization catalysis by an aluminium reagent clearly revealed the presence of the much smaller Al atom at a comparable distance; such a strong metal backscatterer is clearly absent from our spectra, however, and the observation of carbon atoms of the acac ligand that are even further away, viz. at approx. 4 Â, supports our assignment of the peaks in 3 Â region to the carbon atoms of the ligand, and not to Ni. Presumably the large static disorder in the Ni-O contribution leads to an even larger static disorder in the nondetectable Ni-Ni contribution, as this is not based on a direct bond. In an additional experiment, we tried to reduce the thermal contribution to the Debye-Waller-type factor as much as possible by measuring at 77 K, but this did not change the situation with regard to the possibility to detect the Ni-Ni contribution ( Table 1 , spectra not shown). This result supports an explanation in terms of static, not thermal disorder.
-FIGURE 1, 2, TABLE 1--
The EXAFS of 1b could be simulated (Figure 2b ) with just 2 bidentate acac ligands at 1.83 Â. There is no crystal structure available for this compound but the ligand geometry is in good agreement with that reported in a crystallographic study of a Ni(acac)2 complex in which the acac methyl groups are replaced by t-butyl groups;16 this is square-planar with 4 Ni-O bonds with an average bond length of 1.83 Â.
The X-ray absorption edge (XANES) spectra of the Ni(acacR)2 (Figure 3 ) also reflect the large change in Ni coordination sphere that results from the introduction of the bulky substituent in going from 1a to 1b. There is also in some of the spectra a small shift to higher energy which points to a subtle decrease in average ligand distance;26 this is consistent with some contraction of the material, including the metal-ligand distances, at lower temperature. As we expected to be able to use this part of the spectrum to detect subtle redox effects, i.e. oxidation or reduction of the Ni(II) ion, upon introduction of reactants such as i-butyraldehyde and oxygen, we decided to try to understand the XANES in more detail. Following our discovery, in our work on Ni-isocyanide complexes,27 that the DUBBLE EXAFS station in Grenoble has a higher energy resolution we remeasured the most important samples there (Figure 4 ). The energy resolution at the DUBBLE EXAFS station is estimated at 1.4 eV; for the SRS a value between 1 and 3 eV is quoted depending on the energy,15 and from our results it is estimated to be higher than 2 eV at the Ni K edge. The difference is most likely due to the higher flux at the ERSF which allows a more favourable balance between beam intensity and energy resolution. Fig. 4 confirms that the Ni K-edge XANES spectra of 1a and 1b differ significantly, showing that XANES spectroscopy is sensitive enough to be used for the analysis of local atomic structure of nickel compounds. As mentioned in the discussion of the EXAFS simulations, there are two x-ray diffraction studies of Ni(acac)2 (1a), giving the crystallographic structure of this compound. 3, 4 We have made theoretical simulations of Ni K-edge XANES using Ni and O coordinates from both sets of data ( Fig. 5a ) and found that the spectrum obtained using the structure from Ref. 4 is in better agreement with experimental curve (see Fig. 5b ). Thus, one can conclude that the more recently obtained crystallographic results4 are a better representation of the real structure of 1a. It is remarkable that the XANES can be reproduced by a 3-dimensional structure of Ni and O atoms without the ligand C atoms, the more so as the C atoms were preferred to the Ni atoms in the EXAFS simulations (see above); one should note, however, that the XANES is less sensitive to static disorder, as no 'Debye-Waller-type' factor is used in the simulations.
---FIGURE 3, 4 ---
---FIGURE 5 ---
Because the substituted analogue 1b has not been studied by XRD there is no existing structural model for this compound. Based on the EXAFS results, in which the bidentate acac moieties were treated independently and intra-ligand effects were not taken into account, it is possible that this complex is square-planar, as is possible for this type of complex (see crystal structure of an analogue16 and Fig. 6a, top) , or that one of its two acac moieties is rotated by 90o with respect to the other, leading to a tetrahedral arrangement for the coordinating oxygen atoms (Fig. 6a, bottom) . We have used the coordinates of the neighbouring atoms around Ni ion site obtained in the present study from EXAFS analysis to simulate the XANES spectrum. As one can see from Fig. 6b the spectrum of the "rotated" molecule differs much more significantly from the experimental curve than the spectrum of the "planar" molecule: there is no D shoulder and the energy position of minimum D' is shifted. Therefore one can conclude that the square-planar structure of substituted Ni(acac)2 (Fig. 6a, top) is favoured over the tetrahedral one (Fig. 6a, bottom ). Figure 7 (left), a comparison is made between the Ni environment in Ni(acac)2 (1a) in the solid state, and in toluene solution in the absence and presence of the coreactant, i-butyraldehyde. Non substituted 1a appears to retain its trimeric structure upon dissolution in toluene; there is a slight decrease in EXAFS amplitude which could indicate some dissociation. Upon addition of isobutyraldehyde, the full amplitude for 6-coordinated Ni is restored. The simplest explanation for these observations is that i-butyraldehyde binding proceeds by a mechanism as shown in the top right half of Scheme 6, i.e. dissociation of the trimer, followed by association of the monomer with i-butyraldehyde to give again 6-coordinated Ni. However, in view of the fact that the Ni-Ni interactions are not detected by EXAFS in this system, it is still possible that the complexes with i-butyraldehyde are oligomeric in nature, and that the binding follows the mechanism given in the bottom left half of Scheme 6, i. e. attack of the i-butyraldehyde on the trimer, followed by gradual dissociation into dimers and monomers, depending on the i-butyraldehyde concentration. The error in our determination of the relative occupancies of acac and coreactant is too large to allow the different possibilities in the bottom half of Scheme 6 to be distinguished.
---FIGURE 6 ---EXAFS o f Ni(acacR)2 in solution with and without coreactant. In
---FIGURE 7, SCHEME 6 --- Figure 7 (right) shows a comparison of the spectra of Ni(acacR)2 (R = p-tBuPh, 1b) in the solid state and in solution in the absence and presence of the i-butyraldehyde coreactant. The collapse of the major peak of 1b upon dissolution in toluene indicates that a dynamic monomer-trimer equilibrium exists in which the Ni environment is disordered, with a lower degree of association than for 1a. Compared to the situation for 1a, the ligand association equilibrium depicted in Scheme 3 and 6 lies more to the monomer side for 1b, though not as completely as for 1b in the solid state. Excess isobutyraldehyde gives a higher occupancy and/or lower disorder of the first shell, consistent with direct coordination of this coreactant, but the complexation is not as complete as for 1a. Both the lower degree of association and in affinity for ibutyraldehyde of 1b compared to 1a can be explained by the steric hindrance due to the bulky substituent in 1b.
The XANES spectra of the solutions were virtually identical (not shown) and resembled that of solid 1a apart from a shift of 0.5 eV to lower energy, and a reduction of the intensity of the white line by 5 %; this was not further investigated. Simulations for the EXAFS data of solutions of 1a and 1b are shown in Figure 8 and 9, respectively; parameters for these refined simulations are given in Table 2 . In the final simulations, the solutions of the acac complexes were modeled by analogy to solid 1a, i.e. with 2 bidentate (4 O's) and 2 monodentate (2 O's) acac ligands per Ni. In the solutions with excess i-butyraldehyde, the monodentate acac ligands were replaced by i-butyraldehyde. No attempt was made, not by varying the occupancies nor by applying fractional occupancies for the different units, to quantify the observed trends in amplitude of the EXAFS signal that was discussed above in terms of dissociation/association equilibria and varying amounts of i-butyraldehyde binding; this would have been futile in view of the well-established inaccuracy of EXAFS in the determination of coordination numbers (estimated error: ± 20 %).
- --FIGURE 8, 9, TABLE 2 ---EXAFS o f polymer supported Ni(acac) 2. The polybenzimidazole (PBI, active)5 and aminomethylpyridine methacrylate polymer (AMP-resin, inactive) have some effect on the Ni environment in 1a as weak contributions of the heteroaromatic ligands (benzimidazole and pyridine, respectively) are detected at higher R in the Fourier transform ( Figure 10 ). The XANES spectra (Figure 3) of the polymer-supported catalysts look quite similar to that of 1a, suggesting only small changes. In a study6 of Mo acac complexes grafted on PBI, the acac ligand was found to be completely displaced by the benzimidazole nitrogens. In view of the similarity of the spectra to that of 1a, this is unlikely to have happened in the case of the Ni(acac)2 complexes, but some displacement must have taken place; the strong contribution at 3 Â in the phase-corrected Fourier transform of the AMP-resin EXAFS is reminiscent of pyridine coordination. 28 The simulations in Fig. 11 , with the parameters in Table 3 , are based on a combination of 2 bidentate acac units (4 coordinating oxygens) with 2 heteroaromatic units, i.e. imidazole for PBI and pyridine for AMP-resin, and indicate that displacement of the acac ligand by the heteroaromatic ligands is significant, but also far from complete. Because of the inaccuray of EXAFS in the determination of coordination numbers, it could be that the actual fraction of heteroaromatic ligand coordination is somewhat higher or lower than used in the simulation, but it is certain that both acac and heteroaromatic ligand contribute.
--- FIGURE 10, 11, TABLE 3 
---
It has been found that the mixed complex of Ni with acac and pyridine crystallizes as a dimer of a structure like that in the bottom right half of Scheme 6, with pyridine instead of i-butyraldehyde;4 such a structure cannot be entirely ruled out for the polymersupported complex, although we do not observe the Ni-Ni contribution. The interaction with one heteroaromatic ligand, imidazole or pyridine, with the Ni(acac)2 complex leads to dissociation of one acac in the monomer or oligomer, which implies that there is a vacancy in the Ni coordination sphere that is likely to interact with the i-butyraldehyde and promote catalysis. The AMP-resin which contains its pyridine ligands in flexible side chains (cf. Scheme 4) is more likely to fill such a vacancy with another ligand than the PBI support, which has the coordinating benzimidazoles in its rigid backbone. This could be an explanation for the difference in catalytic activity5 between the active PBI and inactive AMP-resin complexes.
Conclusions
We have shown that the 1-or 2-dimensional information derived from EXAFS can be combined with XANES to provide a 3-dimensional structure for compound 1b, for which no single crystal X-ray diffraction structure is available. The EXAFS results for 1a and 1b as solid and in toluene solution show that the bulky substituent in 1b prevents the association of monomers to trimers in the solid state, and inhibits the association equilibria in solution. The coreactant isobutyraldehyde interferes with the equilibria by coordinating to Ni in both 1a and 1b. The heteroaromatic ligands (benzimidazole, pyridine) in the polymeric supports PBI and AMP-resin partly displace the acac from the Ni environment; for the rigid PBI this must result in vacancies in the Ni coordination sphere, which explains why this support gives an active catalyst whereas AMP-resin does not. Table 1 . Parameters for the simulations for Ni(acac) complexes in the solid state (Fig. 2) . Table 2 . Parameters for the simulations for Ni(acac) in solution ( Fig. 8, 9 ). Table 3 . Parameters for the simulations for Ni(acac) on support ( Fig. 11 ). Table 3 . Table 3 . Refined simulations for 1a on PBI (polybenzimidazole) and AMP-resin. EXAFS parameters derived from refined simulations: distances to Ni in Â, Debye-Waller-type factors as 2a2 in Â2 in parentheses, AEF (threshold energy) in eV.
PBI, bidentate PBI, imidazole acac unit acac unit AMP-resin, AMP-resin, bidendate acac unit pyridine unit 4 O @ 2.072 (0.020) 2 N @ 2.043 (0.017) 4 O @ 2.115 (0.010) 2 N @ 1.988 (0.004) 4 C @ 2.894 (0.028) 4 C @ 3.078 (0.012) 4 C @ 2.957 (0.009) 4 C @ 2.907 (0.020) 2 C @ 3.431 (0.020) 4 C/N @ 4.151 (0.033) 2 C @ 3.144 (0.021) 4 C @ 4.220 (0.035) 4 C @ 4.362 (0.033) 4 C @ 4.383 (0.002) 2 C @ 4.735 (0.008) AEF, 3.0461 eV FI, a) 0.2549 AEF, 1.6526 eV FI, a) 0.3228 Fig. 11a 
